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Abstract
The channel kinases TRPM6 and TRPM7 are both members of the melastatin-related transient receptor potential (TRPM) subfamily of ion channels and the only known fusions of an ion channel pore with a kinase domain. TRPM6 and TRPM7 form functional, tetrameric channel complexes at the plasma membrane by heteromerization. TRPM6 was previously shown to cross-phosphorylate TRPM7 on threonine residues, but not vice versa. Genetic studies demonstrated that TRPM6 and TRPM7 fulfill nonredundant functions and that each channel contributes uniquely to the regulation of Mg 2+ homeostasis. Although there are indications that TRPM6 and TRPM7 can influence each other's cellular distribution and activity, little is known about the functional relationship between these two channel-kinases. In the present study, we examined how
Introduction
Regulation of Mg
2+ homeostasis is a critical component to maintaining cellular growth and division. Two members of the transient receptor potential melastatin (TRPM) subfamily of cationic ion channels, TRPM6 (Chak2) and TRPM7 (TRP-PLIK, ChaK1, and LTRPC7), have been implicated in regulating Mg 2+ levels in various cellular contexts. Both TRPM6 and TRPM7 are Ca 2+ and Mg 2+ permeable ion channels with similar biophysical properties [1] [2] [3] , but TRPM7 is ubiquitously expressed whereas TRPM6 has a much narrower cellular expression pattern.
TRPM6 is mainly present in kidney, intestine, and lung [4, 5] , although recent studies indicate that TRPM6 might have a broader expression pattern, specifically in cells of the immune system [6] . These studies highlight the need to better understand the biological relevance of these two channels and their reciprocal relationship. While TRPM6 and TRPM7 are functionally non-redundant and neither can compensate for the other's deficiency in humans (TRPM6 deficiency in HSH patients) [4, 5] , in mice (TRPM6 −/− or TRPM7 −/− mice) [7] [8] [9] , or in chicken DT40 B-lymphocytes (TRPM7 −/− DT40 B cells) [10] , we previously found that TRPM7 facilitates TRPM6 plasma membrane localization and that TRPM6 kinase crossphosphorylates TRPM7 on threonine residues [11] .
TRPM6 and TRPM7 stand out as the only known fusions between an ion pore and a serine/threonine kinase domain. Both kinase domains, localized at the cytosolic C-terminus of the ion channels, share 75 % protein sequence identity and belong to the atypical alpha kinase family [12] . The crystal structure of TRPM7 kinase shows strong similarities to protein kinase A (PKA) [13] , despite an absence of protein sequence homology. Both the TRPM6 and TRPM7 kinase domains have similar physiological characteristics regarding their ion and nucleotide dependence [14] . Although the intrinsic kinase domain of TRPM7 is not essential for channel gating [10, 15] , its activity has been reported to modulate TRPM7 channel function [10] . While TRPM6 and TRPM7 are able to build heteromultimers [16] and share many biophysical and biochemical properties, their kinases do not have identical substrate specificities. We found TRPM6 and TRPM7 both autophosphorylate threonine residues, but only TRPM6 crossphosphorylates TRPM7, and not the reverse [11] . In vitro phosphorylation studies by different groups led to the discovery of several TRPM7 kinase substrates, including annexin I [17] , myosin II (also phosphorylated by TRPM6 kinase) [18] , eukaryotic elongation factor 2 kinase (eEF2K) [19] and phospholipase C gamma 2 (PLCγ2) [20] . TRPM7's phosphotransferase activity may regulate the activity of its channel domain in accordance to the environmental availability of Mg 2+ , as the inhibitory phosphorylation of eEF2 K via TRPM7 increases under hypomagnesic cell culture conditions [19] .
Mutations and deletions of both TRPM6 and TRPM7 cause profound cellular dysfunction and are often lethal, indicative of the important role these channels play in regulating Mg 2+ homeostasis. TRPM6 mutations in humans have been linked to an autosomal recessive form of familiar hypomagnesemia with secondary hypocalcemia (HSH). These patients fail to build a functional TRPM6 pore and suffer from neurological symptoms, including seizures and muscle spasms during infancy, and eventually die if not treated by Mg 2+ supplementation [4, 5] . Over the past decade numerous studies have demonstrated that TRPM7 plays an important role in cell proliferation ( [21] , reviewed in [6] ), cell migration [22] , protein translation [19] , immuno receptor signaling [20] , cytoskeleton building (reviewed in [23, 24] , cancer development (reviewed in [25] ) and cancer metastasis [26] .
TRPM6 and TRPM7 knock out mice (TRPM6 −/− and TRPM7 −/− ) are both embryonically lethal [7] [8] [9] 27] . Mice with inducible, T cell restricted TRPM7 deletion show a block in thymocyte development at the double negative stage and a depletion of thymic medullary cells, but no measureable changes in intracellular Ca 2+ or Mg 2+ concentrations ( [7] , reviewed in [6, 28] ). However, in another study the same research group excluded any role for TRPM7 kinase in Fas-induced apoptosis in TRPM7
T-cells ( [29] , reviewed in [28] ). Future studies will need to clarify whether this developmental phenotype is T cell specific, or if TRPM7 is such an essential gene that its absence is causing decreased viability and developmental failures in any cellular context. Homozygous TRPM7 kinase deletion mutants generated by Ryazanova and colleagues [8] are embryonically lethal as well, whereas the corresponding heterozygote mice are viable, but hypomagnesic, and exhibit reduced intestinal Mg 2+ absorption [8] . The same group was able to rescue TRPM7 kinase deficient embryonic stem cells going into growth arrest by additional Mg 2+ supplementation [8] . In analogy, TRPM7 deficient chicken DT40 B-cells go into cell-growth arrest and die under physiological levels of Mg 2+ (~1 mM), but grow normally if the medium is supplemented with 5-10 mM Mg 2+ .
TRPM7
−/− DT40 cells can be rescued by overexpression of human TRPM7 WT, TRPM7 kinase dead mutants [10] and partially by the human Mg 2+ transporters MagT1 [30] and SLC41A2 [31] , but not via overexpression of TRPM6 WT alone [11] . Due to some conflicting data in literature, it still remains to be determined whether native TRPM6 homomers can form functional channels at the cell surface that are physiologically relevant, or if TRPM6/TRPM7 heteromers might represent the more common and functionally important configuration of these channels for cellular fate. In order to provide further insights into TRPM6 and TRPM7 function, we have carefully examined the biological effects of TRPM6 and TRPM7 co-expression in two different cellular systems and demonstrate for the first time that TRPM6 phosphotransferase activity affects TRPM7 subcellular localization and cellular growth. We show that TRPM6 regulates TRPM7 trafficking and that under hypomagnesic cell culture conditions TRPM6 has an inhibitory effect on TRPM7-dependent cell growth.
Materials and methods
Cloning, cell culture and generation of cell lines overexpressing proteins of interest (a) The generation of HEK-293 T-Rex cells (Invitrogen) with transient or stable, doxycycline (dox)-inducible expression of human TRPM6 and TRPM7 wt and kinase dead or deletion mutants, as well as the cell culture conditions of these cells, have been previously described [11] . In order to study the biological effects of Mg 2+ deprivation, expression of proteins of interest in HEK-293 cells was induced with 1 μg/ml doxycycline for 24-48 h prior deprivation. After 12 h of induced protein expression regular HEK media was removed and replaced with customized, chemically defined, serum-free media (HyQ CCMI from Hyclone cat. SH30043.03) with different Mg 2+ concentrations (0, 1 and 10 mM) and cells were cultured under these conditions for 18-24 h. Cell growth of TRPM6/7 coexpressing HEK cells was studied under the same culture conditions for 24 h, as indicated. Statistical analysis was performed to evaluate TRPM6 kinase dependent cell growth inhibition in both cellular systems (HEK-293 and DT40s). The standard error of the mean (SEM) was calculated for each group and a twotailed t test was performed on three separate experiments. Statistical significance of changes in TRPM7 expression in DT40 cells under varying Mg 2+ concentrations was evaluated similarly. (b) The generation of TRPM7 deficient DT40 cells complemented with human TRPM7 WT (cWT M7) and a kinase dead mutant (cKR M7) has been described previously [10] , as well as the co-expression of human TRPM7 WT and TRPM6 WT in TRPM7 −/− DT40s [11] . The same published TRPM7 deficient cell clone complemented with hTRPM7 WT (cWT M7) was transfected with the same pcDNA5/TO construct encoding flag-tagged TRPM6 WT as the one used for transfection of HEK-293 cells. Two cell clones coexpressing TRPM7 and TRPM6 WT (cWT M7 + M6 WT), or TRPM7 WT and a TRPM6 kinase dead mutant (cWT M7 + M6 KR), with similar inducible TRPM6 protein expression levels as assessed by anti-FLAG immunoblotting were chosen for further analysis (Fig. S1) . The DT40 mutant cell lines described above and TRPM7 −/− DT40 cells used as a negative control were cultured in chemically defined medium +10 mM MgCl 2 for normal cell maintenance and cell line generation. To perform imaging experiments and growth curves, serum-and Mg 2+ -free medium was used as indicated [chemically defined HyQ CCM1] and customized Mg 2+ -free HyQ CCM1 media were purchased from Hyclone and supplemented with 1 % chicken serum (Sigma)].
In vitro phosphorylation assays of hTRPM6 WT, TRPM7 WT and kinase deletion mutants of both channels TRPM6 and TRPM7 WT and mutant channels were immunoprecipitated with anti-Flag or anti-HA coated beads. The beads were incubated 30 min at 32 °C in a total volume of 40 μl reaction buffer (50 mM Tris-HCl, 0.1 (v/v) β-mercaptoethanol, 10 nM Calyculin A, 2 or 10 mM MgAc, 1 mM MnCl 2 , 0.5 mM CaCl 2 , 100 μM Mg-ATP). Phosphorylation was analyzed following gel electrophoresis and by Anti-P-Serine immunoblotting. The pH was kept constant in all phosphorylation reactions at 7.2. 7 DT40 mutant cells were plated and expression of the indicated molecules was induced by adding doxycycline to the growth media for 24-48 h. HEK-293 or DT40 cells were lysed using standard protocols. Anti-Flag (Sigma) and anti-HA (Roche) immunoprecipitations were performed with cell lysates. Bound proteins from whole cell lysates or immunoprecipitated proteins were washed 3 times with lysis buffer, then separated by SDS/PAGE using 6 % polyacrylamide gels, and transferred to a PVDF membrane. The membranes were analyzed by anti-Flag (Sigma), anti-HA (Roche) or a general anti-P-Ser antibody (from Cell Signaling, cat.# 2981) immunoblotting, as indicated. Blots were sometimes re-probed after stripping.
Immunocytochemistry protocol for DT40 and HEK-293 cells 1-2 × 10 4 HEK-293 cells were plated on poly l-lysine coated 5-well slides (Tekdown). Cells were grown for 24 h or until HEK cells were adhered to the slides and 60 % confluent. Protein expression of interest was induced by adding 1 μg/ml doxycycline to the growth media. At the same time as induction, HEK cells were grown in customized, chemically defined, serum-free media (HyQ CCMI from Hyclone cat.# SH30043.03) with different Mg 2+ concentrations (0 and 1 mM), and cultured under these conditions for 18-24 h. In DT40 chicken B cells, protein expression was induced by the addition of 1 μg/ml doxycycline to the growth medium for 20-24 h. Growth media were replaced with the chemically defined media with varying concentrations of Mg 2+ (0 and 1 mM) for 20-24 h. DT40 cells were plated on the poly-l lysine coated, 5-well slides at a density of 100,000 cells/well and spun to adhere at 1,000 RPM at 4 °C for 10 min.
The cells were fixed and permeabilized in methanol at −20 °C for at least 20 min. Nonspecific protein-binding sites were blocked by a 30-min preincubation in a blocking solution consisting of 10 % v/v normal goat serum (NGS) in PBS. HA-tagged TRPM7 channels were labeled using a FITC conjugated, HA-tagged primary antibody (H7411, Sigma-Aldrich) diluted 1:1,000 in 5 % NGS/PBS. Slides were incubated with antibody either for 4 h at room temperature or overnight at 4 °C in a humid chamber. After washing with PBS (3 × 5 min) the slides were briefly rinsed with deionized H 2 O, dried and coverslips were mounted using Vectashield antifade mounting medium (Vector, Burlingame, CA) that contained propidium iodide to label nuclei.
Image acquisition and Image quantification for DT40 and HEK-293 cells
Images of HEK and DT40 cells were obtained using a Nikon ×100/1.45 N oil immersion objective and a Nikon PCM-2000 laser scanning confocal microscope. Image collection was performed using SimplePCI software, v4.6 (Compix, Cranberry Township, PA). 0.5-μm stacks of images were acquired along the z axis of HEK-293 cells and DT40 B-cells. Each image was saved as a 16-bit file with a 1,024 × 1,024 pixel resolution where each square pixel was 0.12 μm in dimension and represented an area of 0.014 μm 2 . Image quantification and processing was performed using the NIH Image J software (Rasband WS. ImageJ. 1997 ImageJ. -2007 . http://rsb.info.nih.gov/ij/). Background fluorescence for HA-FITC labeled cells was calculated using TRPM7 KO or non-induced cells probed with the FITC conjugated mouse anti-HA antibody. Cells were classified as TRPM7 high if the HA-FITC staining intensity in the cytosol or membrane was three standard deviations above background. The "Z Project" function was used to compress Z-stacks of images by selecting for the maximum pixel intensity for each section. A straight line was drawn through DT40 cells and across the cytosolic regions of HEK-293 cells and the "Plot Profile" tool was used to create a histogram of pixel intensity along the line to measure intracellular distribution of TRPM7. Statistical analysis was performed using Graphpad Prism5 (Graphpad Software, San Diego, CA). One-way ANOVA and the bonferroni method were used to compare TRPM7 distribution across cell types and Mg 2+ concentrations. Statistical significance of changes in TRPM7 expression in DT40 cells under varying Mg 2+ concentrations was evaluated using a student t test.
Cell surface labeling with biotin of HEK-293 cells
10
7 HEK-293 mutant cells were cultured and protein expression induced with doxycycline as described before. Intact cells were biotinylated with NHS-LC-biotin following the standard labeling protocol from Pierce (cat. 21335) at room temperature for 30 min, lysed and immunoprecipitated with NanoLink™ Streptavidin magnetic beads from Solulink (cat. M-1002-010), anti-Flag or anti-HA antibodies. Proteins were separated and transferred as described above. The membranes were analyzed with horseradish peroxidase conjugated streptavidin (Sigma)-TRPM6 (flag-tagged) and TRPM7 (HA-tagged) protein expression levels were analyzed via anti-HA or anti-Flag immunoblotting. The experiments have been performed at least three times independently. Cell surface immunoblots ( Fig. 3) were analyzed via densitometry using ImageJ [32] and statistically evaluated (student t test).
Results
TRPM6 and TRPM7 are functionally non-redundant and appear to be co-expressed in a wide variety of cells. Although the formation of TRPM6/7 heteromers is well documented, the potential biological effects of this interaction remain mostly unknown. In the present study, we examined how TRPM6 and its kinase affect the cellular distribution and biological activity of TRPM7.
Serine cross-phosphorylation of TRPM7 by the kinase domain of its sister channel TRPM6 in HEK-293 cells Both TRPM6 and TRPM7 contain a serine and threonine rich stretch of residues upstream of their intrinsic C-terminal kinase domains that is highly modified via phosphorylation [33] . The level of autophosphorylation of both channels improves substrate recognition and substrate phosphorylation of their kinases [33] . We previously found that TRPM6 and TRPM7 auto-phosphorylate threonine residues of their own channel, but that only TRPM6 cross-phosphorylates TRPM7 on threonine residues [11] . A detailed characterization of TRPM7 autophosphorylation has shown that 70 % of phosphorylated TRPM7 C-terminal residues are serines, and 30 % threonines [33] . Thus, we examined auto-and crossphosphorylation of serine residues of the channel kinases TRPM6 and TRPM7.
By co-expressing a full-length channel with a kinase deletion mutant (Δkinase) in which the intrinsic kinase domain has been deleted, we were able to examine potential cross-phosphorylation of the Δkinase mutants by the fulllength channel [11] . We enriched the flag-tagged TRPM6 and HA-tagged TRPM7 proteins by immunoprecipitation from HEK-293 cells for use in in vitro kinase assays. We detected phosphorylation by western blot using a general phosphoserine antibody. In HEK-293 cells expressing an intact TRPM7 wild-type channel and TRPM7 Δkinase we found that the TRPM7 kinase phosphorylates serine residues of the TRPM7 wild-type channel as well as of the TRPM7 Δkinase (Fig. 1 , top left panel, model bottom left panel), demonstrating that TRPM7 phosphorylates its own Ser residues in cis and in trans. In another series of phosphorylation experiments using HEK cells coexpressing TRPM6 WT and TRPM7 Δkinase mutants (top middle panel of Fig. 1 ), we detected Ser phosphorylation of both the TRPM6 channel and the TRPM7 Δkinase mutant. These results indicate that TRPM6 can auto-phosphorylate Ser residues, as well as cross-phosphorylate TRPM7 Ser residues, in accordance with our previous observation that TRPM6 cross-phosphorylates TRPM7 on threonines. In contrast, when we co-expressed TRPM7 WT and TRPM6 Δkinase channels, we detected TRPM7 WT autophosphorylation but no TRPM6 Δkinase phosphorylation despite strong TRPM6 Δkinase protein expression (Fig. 1 , right top and bottom panel). We have previously demonstrated that the same cross-phophoryation pattern is seen using kinase Fig. 1 The channel-kinase TRPM6 phosphorylates serine residues of associated TRPM7 but not vice versa. Human HA-tagged TRPM7 WT, human HA-tagged TRPM7 delta kinase (TRPM7-Δkin), human flag-tagged TRPM6 WT, and human flag-tagged TRPM6 delta kinase (TRPM6-Δkin) have been cloned, stably transfected and inducibly co-expressed in HEK-293 cells as indicated, see methods section and reference [11] for further details. In vitro phosphorylation reactions have been performed after HA and/or Flag immunoprecipiations under two different Mg 2+ concentrations (2 and 10 mM) with 100 μM MgATP [11] . Phosphorylation of these proteins was subsequently analyzed after gel electrophoresis and immunoblotting with a general anti phospho serine antibody. Protein expression levels were verified after stripping of the membrane via reprobing with anti FLAG or anti HA antibodies. a Left panel TRPM7 kinase crossphosphorylates TRPM7 delta kinase channels in vitro upon TRPM7 WT and TRPM7 delta kinase co-expression. Middle panel TRPM6 kinase crossphosphorylates TRPM7 delta kinase channels in vitro upon TRPM6 WT and TRPM7 delta kinase co-expression. Right panel TRPM7 kinase does not crossphosphorylate TRPM6 delta kinase channels in vitro upon TRPM7 WT and TRPM6 delta kinase co-expression. These data are representative of three separate experiments. b Based on our results, model showing how TRPM6 and TRPM7 form heteromers and crossphosphorylate each other. TRPM6 and TRPM7 have to tetramerize in order to build a functional ion channel pore dead mutants since TRPM7 is also not able to crossphosphorylate the TRPM6 K1804R mutant [11] . We are, therefore, confident that the ability of TRPM7 kinase to potentially crossphosphorylate TRPM6 is not impaired by the deletion of the entire TRPM6 kinase affecting the proper formation and conformation of TRPM6/7 heteromers.
Taken together, these results confirm that TRPM7 channels serve as a substrate of TRPM6, but not the reverse, further supporting the notion that despite their high homology, the kinases of TRPM6 and TRPM7 do not exhibit identical substrate specificities. It also brings up the question whether TRPM6-kinase activity can modulate TRPM7's biological activity. Changes in TRPM6/7 phosphorylation levels could influence channel heteromerization and localization, ion homeostasis regulation, as well as the regulation of TRPM6/7 kinase dependent intracellular signaling events, such as eEF2-kinase phosphorylation that influences protein translational rate and cell [19] . Therefore, in the following section we focused on whether TRPM6 kinase activity affects TRPM7 localization and TRPM7 dependent cell growth in intact cells.
Intracellular trafficking of TRPM7 is altered by TRPM6 kinase activity in HEK-293 cells
The above results confirm that TRPM6 and TRPM7 interact when co-expressed in HEK-293 cells. Multiple groups have demonstrated that TRPM7 is required for trafficking and formation of functional TRPM6-containing channels at the cell surface [11, 34] . In contrast, some studies reported measureable currents upon overexpression of TRPM6 alone, although it should be noted that native TRPM7 is present in the tested cells [1, 3, 35] . From our review of the literature, there are no studies examining the role of TRPM6 in TRPM7 trafficking. Multiple factors such as the formation of TRPM6 and TRPM7 heteromers, the phosphorylation status of the channels, and Mg 2+ availability could affect intracellular trafficking of TRPM7.
We used immunocytochemistry to visualize the subcellular distribution of TRPM7 in HEK-293 cells under 1 and 0 mM Mg 2+ . Changes in TRPM7 trafficking were measured by drawing 1-pixel histograms across the cell and classifying cells with steep peaks in intensity near the membrane of the cell as having increased peripheral trafficking. Cells that displayed little TRPM7 immunoreactivity near the periphery of the cell and shallow increases in intensity were deemed low peripheral TRPM7 trafficking. We found that HEK-293 cells overexpressing human TRPM7 WT alone, and grown in physiological (1 mM) levels of Mg 2+ (Fig. 2a-c) , showed high levels of TRPM7 in the perinuclear regions of the cell that decreased in intensity towards the cell periphery with 34.0 ± 3.1 % of cells displaying increased peripheral trafficking of TRPM7 (Fig.   S2A (Fig. 2b vs. Fig. 2n ).
The co-expression of TRPM7 WT with TRPM6 WT in HEK-293 cells (Fig. 2d, e) produced extensive changes in both TRPM7 subcellular distribution and cellular morphology, under physiological and hypomagnesic conditions. TRPM7 WT + TRPM6 WT cells contained regions of high TRPM7 immunoreactivity termed clusters (Fig. 2d-e) that produced the greatest levels of TRPM7 intensity while the rest of the cytoplasmic region contained low to undetectable regions of TRPM7. TRPM7 clusters were identified as regions of TRPM7 immunoreactivity >0.5 μm in length in which TRPM7 intensity was above 200 on a scale of 0-250 (Fig. 2f) . Due to these bright clusters, images were collected using microscope settings low enough that the clusters did not saturate the entire image, but high enough to detect the low levels of TRPM7 near the periphery of the cell. TRPM7 clusters were detected in 60.7 ± 8.0 % (0 mM Mg (Fig. 2f, Fig. S2A ), and in 50.8 ± 9.2 % of cells grown in 0 mM Mg 2+ (Fig. 2r, Fig. S2A ). Indications of cellular toxicity (cell rounding and clumping, and nuclear breakdown) were evident in cells grown in both 0 and 1 mM Mg 2+ (Fig. 2e, q) , but more so in the cells starved of Mg
2+
. Thus, the co-expression of TRPM6 and TRPM7 in the presence of an active TRPM6-kinase domain produces high-density clusters of TRPM7, elicits no further changes in trafficking of TRPM7 due to decreased Mg 2 levels, and increases cellular toxicity.
We next examined whether the TRPM6 kinase affected TRPM7 trafficking and cellular health by overexpressing TRPM7 WT with TRPM6 KR mutants. The subcellular distribution of TRPM7 WT in HEK-293 cells coexpressing TRPM6 KR grown in 1 mM Mg 2+ was similar to the TRPM7 distribution in HEK-293 cells overexpressing TRPM7 WT alone (Fig. 2g-i, Fig. S2A ). However, fewer TRPM7 WT + TRPM6 KR cells displayed peripheral trafficking of TRPM7 compared to TRPM7 WT cells when grown in 0 mM Mg 2+ (TRPM7 WT + TRPM6 KR: 38.4 ± 3.8 % vs. TRPM7 WT: 58.8 ± 1.2 % of cells with peripheral TRPM7 trafficking, p < 0.05, Fig. 2s, t,  Fig. S2A) . Potentially, the presence of the TRPM6 channel reduces Mg 2+ dependent trafficking of TRPM7. In contrast to cells overexpressing TRPM7 WT and TRPM6 WT, cells that coexpressed the TRPM6 KR mutant produced significantly fewer clusters of TRPM7 (1 mM Mg 2+ : 4.0 ± 4.8 %, p < 0.01, 0 mM Mg 2+ : 10.7 ± 2.4 %, p < 0.001, Fig. S2B ), indicating that the TRPM6-kinase is involved in TRPM7 cluster formation. Surprisingly, the HEK-293 cells coexpressing TRPM7 WT and TRPM6 KR and grown in 0 mM Mg 2+ appeared the healthiest of all TRPM6/7 ion channel overexpression combinations (Fig. 2s, t) . In the 0 mM Mg 2+ growth conditions, the cells developed slightly more condensed outgrowth than the cells grown in 1 mM Mg 2+ .
Our results indicate that a novel function of TRPM6 is to adjust the cellular distribution of TRPM7, which requires TRPM6's kinase activity. To further investigate the impact of TRPM6 on TRPM7's cellular localization, we next used a biochemical approach to analyze cell surface expression of TRPM7 in the same set of HEK-293 cells co-expressing TRPM7 with TRPM6 WT or kinase-dead.
TRPM6-kinase does not affect surface expression levels of co-expressed TRPM6/M7
Our immunocytochemistry (ICC) experiments showed that subcellular distribution of TRPM7 is affected by TRPM6 kinase activity. Due to the optical limits of confocal microscopy, we cannot determine whether TRPM7 is inserted into the membrane or merely targeted near the membrane using ICC. We thus performed surface biotinylation assays to measure TRPM7 surface expression in the presence of the TRPM6-kinase.
For each surface biotinylation assay, we labeled the cell surface of intact HEK-293 cells co-expressing either TRPM6 WT + TRPM7 WT, or TRPM6 KR + TRPM7 WT with biotin, and analyzed surface-expressed vs. total HA-TRPM7 or Flag-TRPM6 by immunoprecipitation and immunoblot. Our previously published TRPM6/7 surface biotinylation study in HEK-293 cells demonstrated that TRPM6 and TRPM7 have to associate for TRPM6 to be detected at the plasma membrane [11] . In the present study, we find that co-expressed TRPM6 and TRPM7 WT exhibit similar cell surface expression levels compared to TRPM7 co-expressed with the TRPM6 KR kinase dead mutant channel, both under physiological Mg 2+ and hypomagnesic a, d, g, j, m, p, s) . Black arrows indicate membrane borders of the cell growth conditions (Fig. 3) . Although there is a slight trend of lower surface expression of TRPM6/7 WT channels in comparison to TRPM6 KR/M7WT, this effect is not statistically significant. We thus conclude that TRPM6 and TRPM7 cell surface expression does not appear to be modulated by TRPM6 kinase.
mM). Little immunoreactivity is detected in non-induced HEK mutant cells (j-l). m-u HEK-293 cells overexpressing TRPM7 and TRPM6 channels grown with 0 mM Mg 2+ (c, f, i, l, o, r, u). Representative histograms of pixel intensity across cytoplasmic sections of cells (red line in
Under conditions of Mg 2+ deprivation, HEK-293 cells co-expressing TRPM6/7 WT show morphological signs of impaired cellular health (Fig. 2p/q) . In the next section, we present results obtained in both, HEK293 and DT40 cells, showing TRPM6-mediated growth impairment under suboptimal Mg 2+ conditions, which is dependent upon an active TRPM6-kinase.
TRPM6 kinase activity inhibits TRPM7-dependent cell growth under hypomagnesic conditions
Inducible overexpression of the epitope-tagged TRPM6/7 channels in HEK-293 cells has proven reliable and convenient as it allows for the performance of studies that would not normally be feasible given the comparatively low levels of native expression of the channels and lack of reliable TRPM6/7-specific antibodies. Robust overexpression can, however, also be a source of artifacts. To further study the modulation of TRPM7 through TRPM6, we, therefore, opted to use a previously generated TRPM7 −/− DT40 B-cell line (M7 KO) that also lacks endogenous TRPM6 (no RNA transcripts detectable [11] ) and thus provides a clean slate to study exogenously expressed human TRPM6, TRPM7, and corresponding kinase dead mutants (Fig. S1A ). An additional advantage of the DT40 system is that the level of TRPM7 overexpression in the complemented TRPM7 −/− DT40 cells is only 2-3 higher than native TRPM7 levels based on measured current intensities [20] . Thus the DT40 cell lines used diminish the potential for artifacts caused by strong overexpression. We previously described and characterized TRPM7 −/− DT40 cells complemented with stably and inducibly overexpressed human TRPM7 WT (cWT M7), human TRPM7 K1648R kinase dead mutants (cKR M7), and co-expressed human TRPM6 and TRPM7 WT channels (cWT M7 + M6 WT) [10, 11] . For the present study, we have additionally generated TRPM7 −/− DT40 cells complemented with stably and inducibly coexpressed TRPM7 WT and TRPM6 K1804R kinase dead mutants (cWT M7 + M6 KR, Fig. S1 ). We previously reported that TRPM7-deficient chicken DT40 B cells go into growth arrest and die under physiological Mg 2+ growth conditions, but can be rescued by supplementation of the growth media with 10 mM Mg 2+ , or by heterologous expression of human TRPM7 but not TRPM6 [10, 11] . Based on our results showing that TRPM6 crossphosphorylates TRPM7 on Thr and Ser residues, and that TRPM6 affects intracellular distribution and cell growth in HEK-293 cells, we used the complemented TRPM7 (Fig. 4b) . At 0.5 mM, the growth difference between these three cell lines (cWT M7, cWT M7 + M6 WT or cWT M7 + M6 KR) begins to become indistinguishable, and loses significance as the levels of Mg 2+ are approaching optimal range (Fig. 4c ). As already published in 2005, under physiological concentrations of 1 mM Mg 2+ in the growth media, there were no observable differences between growth rates of the cWT M7 or cWT M7 + M6 mutant cells, whereas the TRPM7 −/− DT40 growth rates decreased by half after 5 days (one control experiment replicating this finding is shown in Fig. 4d) .
Together, these results indicate that TRPM6 through its kinase activity has a detrimental, inhibitory effect on TRPM7 dependent cell growth, albeit only under hypomagnesic conditions. This observation parallels our cell growth results in HEK-293 cells (Fig. 4a) .
The TRPM6 kinase domain promotes the clustered distribution of TRPM7 in DT40 B cells
The DT40 cell growth results led us to further question how the TRPM6 kinase domain might modulate TRPM7 in these cells. Given our observations in HEK-293 cells presented above, we hypothesized that the presence of the TRPM6 kinase domain, and possibly reduced availability of environmental Mg 2+ , could also affect TRPM7 trafficking and subcellular distribution in DT40 cells. We examined TRPM7 protein expression and subcellular distribution in TRPM7 −/− DT40 cells complemented with HA-tagged TRPM7 WT and co-expressing either TRPM6 WT or TRPM6 KR. Cells were starved for 24 h periods before detection of TRPM7 using immunocytochemistry and confocal imaging. Immunostaining was controlled for using TRPM7
−/− cells probed with rabbit anti-HA antibodies. Non-specific staining was not observed in the TRPM7 −/− DT40 cells (Fig. 5j-l) . TRPM7 expression levels in DT40s vary cell to cell. In a subset of DT40 cells, TRPM7 immunoreactivity is not detectable using standard ICC measures. The cells with non-detectable TRPM7 are termed "TRPM7 low" while cells with detectable TRPM7 are termed "TRPM7 high". We selected the most common cell type of TRPM7 high DT40 cells to analyze subcellular distribution of TRPM7, and selected representative images of TRPM7 cell expression patterns. In cWT M7 DT40 cells grown in 1 mM Mg 2+ , TRPM7 expression was diffuse throughout the cytoplasm, with high levels in the perinuclear region that decreased towards the membrane (Fig. 5a-c) . As with the TRPM7 WT HEK-293 cells, a subset of DT40 cWT M7 cells (47.6 ± 2.4 %, Fig.  S2C ) displayed peripheral trafficking of TRPM7. When cWT M7 DT40 cells were starved of Mg 2+ for 24 h, a shift occurred in the subcellular localization of TRPM7 (Fig. 5m-o) . The line histogram from the one-pixel scan of cWT M7 cells (Fig. 5o ) depicts increased TRPM7 immunoreactivity in the periphery of the cell. The increased trafficking of TRPM7 to the periphery in cells grown in hypomagnesic conditions was detected in 65.7 ± 2.1 % of TRPM7 high cells, a significant increase over the 47.6 % of TRPM7 high cells grown in 1 mM Mg 2+ (p < 0.05, Fig. S2C ). TRPM7 immunoreactivity in cWT M7 DT40 cells grown in 0 mM Mg 2+ was uniform along both the plasma and nuclear membranes and expression levels were very low in the cytosol. These Mg 2+ -mediated effects are similar to those seen for the HEK-293 TRPM7 WT expressing cells.
The presence of TRPM6-kinase altered the distribution of TRPM7 in DT40 cells co-expressing TRPM7 WT and TRPM6 WT when compared to cWT TRPM7 cells and the cell line co-expressing WT TRPM7 and the kinase-dead mutant TRPM6 KR. The cWT M7 + M6 WT DT40 cells displayed diffuse TRPM7 immunoreactivity throughout the cell (Fig. 5d-f) , with regions of clustered TRPM7 distribution reminiscent of the intracellular distribution pattern of TRPM7 in the corresponding HEK-293 cells co-expressing TRPM6/TRPM7 WT (Fig. 2d-f ). In the presence of the TRPM6-kinase, trafficking of TRPM7 to the periphery of the cell does not increase under hypomagnesic conditions as it does in cWT M7 DT40 cells (Fig. S2C) , but results in an increase in overall TRPM7 expression (Fig. S2D,  35 .4 ± 1.2 % vs. 7.5 ± 0.8 %, p < 0.001). Further supporting the role of the TRPM6-kinase regulating subcellular distribution of TRPM7, we found that cWT M7 + M6 KR cells had the lowest level of immunoreactivity (Fig. 5g-i ) and TRPM7 distribution was very diffuse, with only 31.0 ± 6.0 % of cell displaying measurable immunoreactivity near the periphery of the cell (Fig. S2C) , and no change in TRPM7 trafficking was measured between cWT M7 + M6 KR DT40 cells grown in 1 mM or 0 mM Mg 2+ . In summary, we find that similarly to HEK-293 cells, DT40 cells expressing TRPM7 WT + TRPM6 WT displayed altered subcellular localization of TRPM7 as compared to cells expressing TRPM7 alone, or expressing TRPM7 with TRPM6 KR. The changes seen in DT40 cell lines were similar to those observed in the corresponding HEK cell lines, although not as pronounced, possibly because the level of overexpression is substantially lower in the DT40 cells. Both sets of results demonstrate that the presence of a functional TRPM6 kinase domain affects TRPM7 trafficking and protein expression in a Mg 2+ dependent manner. This novel mechanism of TRPM7-regulation could alter Mg
2+
-homeostasis, providing a potential explanation for the growth inhibition phenotype we see in the cWT M7 + M6 WT DT40 cells (Fig. 4) .
Discussion
The discovery and primary characterization of multiple Mg 2+ transporters (Acdp2, MagT1, Mrs2, Paracellin-1, SLC41A1, SLC41A2, TRPM6 and TRPM7 (reviewed in [6, 36] ) in eukaryotes over the past decade has contributed to a better understanding about molecular mechanisms of Mg 2+ homeostasis regulation. These discoveries have improved our knowledge about how the movement of Mg 2+ across cell membranes is regulated, and how Mg 2+ might play a role in signaling as a second messenger, influencing numerous cellular processes. Furthermore, these studies highlight the potential contribution of Mg 2+ to the development of various human diseases. Functionally defective Mg 2+ transporters have been documented and shown to cause severe pathologies. Patients with deficiencies in TRPM6 develop hypomagnesemia with secondary hypocalcemia (HSH), an autosomal recessive disorder leading to muscle spasms and tetany that can be treated with life-long Mg 2+ -supplementation [4, 5] . Mutations in the Mg 2+ transporter MagT1 are linked to a human disease named X-linked immunodeficiency with magnesium defect, chronic Epstein-Barr virus infections and neoplasia (XMEN) [37, 38] , and the T1482I genetic polymorphism in TRPM7 has been associated with neurodegenerative disorders of a subpopulation of patients on the island of Guam [39] .
In the present study, we examined the impact of TRPM6 on TRPM7's biological activity under normomagnesic and hypomagnesic conditions. Recent studies indicating a broader cellular expression pattern of TRPM6 than originally assumed underscore the need to understand the physiological significance of TRPM7 and TRPM6 heteromeric channels. The presence of TRPM6 in cells expressing TRPM7 raises multiple questions, including how TRPM6 channel subunits affect TRPM7 channel function in TRPM6/7 heteromers and how TRPM7 phosphorylation via the TRPM6 kinase influences TRPM7 function.
Previous research examining TRPM6 surface trafficking produced conflicting results. Two groups detected measureable TRPM6 currents at the cell membrane upon TRPM6 overexpression [1, 3, 35] , whereas Chubanov et al. [34] only saw changes in TRPM6-mediated current amplification upon TRPM7 co-expression and observed that TRPM6 plasma membrane expression was found solely in co-localization with TRPM7. These latter findings are in agreement with our previous cell surface biotinylation studies, which failed to show detectable TRPM6 expression at the cell surface in the absence of TRPM7 channels [11] . In this same study we also reported the hetero-multimerization between TRPM6 and TRPM7, as well as TRPM6 kinase mediated phosphorylation of TRPM7 on threonines. Additionally, we described the inhibition of cell growth of TRPM7 −/− cells co-expressing wild-type TRPM6 and TRPM7, however, only under hypomagnesic growth conditions. In a very recently published pharmacological study in collaboration with Dr. Fleig's group, TRPM6 phosphotransferase activity was found to play an important role in regulating MgATP sensitivity of TRPM6/7 heteromeric ion channels [40] , supporting the idea that TRPM6 kinase activity modulates TRPM7 functionality.
The formation of heteromultimers plays in general an important role in TRP channel biology. Heteromultimerization can alter the ion permeability, as well as modes of channel regulation and cellular distribution when compared to the corresponding homomers (reviewed in [41] ). Several studies showed the assembly of closely related TRPC subunits (TRPC1/4/5 and TRPC3/6/7), and how heteromers formation affects the function and biophysical properties of the channels [42] [43] [44] . A different study demonstrated a direct link between the TRPP1/TRPP2 interaction and the translocation of TRPP2 channels from intracellular compartments to the plasma membrane [45] . The same research group also reported that TRPML3 channels are expressed in the membrane of lysosomes instead of the endoplasmic reticulum when forming heteromultimers with TRPML1 or TRPML2 [46] . Mutations in TRPML1 are associated While TRPM6 and TRPM7 are close homologues, the two channel-kinases show differences in their substrate specificity. Our previous cross-phosphorylation studies between wild-type and kinase-deleted TRPM6 and TRPM7 channels focused on threonine phosphorylations. More than 30 TRPM7 serine phosphorylation sites have been described in the TRPM7 C-terminus alone [33] . In the present study, we thus expended our TRPM6 and TRPM7 cross-phosphorylation studies to investigate serine phosphorylation. We determined that as expected both channels are able to autophosphorylate serines in their own C-terminus, but whereas TRPM6 cross-phosphorylates TRPM7, TRPM7 does not phosphorylate serine residues in TRPM6. These results replicate our previous analyses of the Thrphosphorylation pattern and confirm that TRPM7 and TRPM6 do not share identical substrate kinase relationships, suggesting that these channels might differentially influence each other's activity.
Of particular interest in the context of the potential biological effect of TRPM7 phosphorylation are two recent studies showing a direct link between a human polymorphism resulting in the exchange of threonine 1482 to isoleucine and two different human diseases. Hermosura and colleagues identified the TRPM7 T1482I variant in a subset of patients who lived in an environment deficient in Ca 2+ and Mg 2+ and presented with Guamanian amyotrophic lateral sclerosis and parkinsonism dementia [39] . TRPM7 T1482I channels have an increased sensitivity towards intracellular Mg 2+ with an intact TRPM7 kinase activity, but decreased TRPM7 threonine autophosphorylation [39] . The TRPM7 1482 threonine residue lies in the C-terminal Ser/Thr rich linker between the TRPM7 kinase domain and its upstream domain and has been described as a potential phosphorylation site via mass spectrometry [33] . Dai and colleagues recently showed a direct correlation between Ca 2+ and Mg 2+ intake, the TRPM7 T1482I polymorphism, and the risk of colorectal cancer development. These investigators report that the TRPM7 1482 polymorphism appears to be common in human populations and is associated with a higher risk of adenomatous and hyperplastic polyp occurrence [47] . Given its high expression in the colon, it is possible that TRPM6 kinase activity might play a role in modulating TRPM7 biological function by adjusting its Mg 2+ sensitivity via phosphorylation, although future studies will need to address this question.
In the present study, we show for the first time a connection between phosphotransferase activity, trafficking, and intracellular localization of the TRPM6/7 channel-kinases. Although the effect varies depending on the cell type, level of channel expression and Mg 2+ availability, we observe similar trends of intracellular redistribution of TRPM7 when TRPM6 WT is co-expressed. In the strong TRPM6/7 overexpressing HEK-293 cell lines and in the complemented DT40 B cells in which TRPM7 overexpression is only 2-3 times above native levels, TRPM7-specific staining changes from a diffuse to a clustered distribution upon TRPM6 WT co-expression. This phenomenon is absent when a kinase-dead version of TRPM6 is co-expressed, strongly suggesting that TRPM6 mediated cross-phosphorylation of TRPM7 plays a role in its intracellular relocalization. But only when expressed alone did TRPM7 trafficking to the periphery increase in a Mg 2+ -dependent manner. In the presence of TRPM6 WT or KR, this phenotype was abolished in both cellular systems analyzed.
The delivery and insertion of ion channels into the plasma membrane is a regulated process that contributes to the cellular regulation of ion channel activity [48] [49] [50] . We, therefore, performed cell surface labeling experiments of intact HEK-293 cells with biotin to investigate the possibility that TRPM6/M7 multimerization influences surface expression of the channels. We found that under both, physiological and suboptimal Mg 2+ growth conditions, coexpression of TRPM6 and TRPM7 does not appear to significantly impact levels of the channels at the plasma membrane (Fig. 3) . However, the TRPM6-kinase dependent alterations in intracellular TRPM7 localization we observed (Figs. 2, 5 ) might for example affect TRPM6/7 mediated signaling. This could provide some explanation for our findings that under suboptimal Mg 2+ conditions, the DT40 TRPM7 −/− complementation cell lines and HEK-293 cells co-expressing TRPM7 WT and TRPM6 KR kinase dead mutant channels have a growth advantage in comparison to the corresponding TRM6/7 WT co-expressing cell lines.
In HEK-293 cells, we found that both Mg 2+ deprivation and TRPM6/TRPM7 co-expression resulted in changes in cellular morphology, decreased cellular adherence, and growth inhibition. HEK-293 cells overexpressing TRPM7 have been described to swell, detach, and begin to die 24 h post induction of overexpression [51] . In contrast, knock down of TRPM7 in HEK-293 cells caused increased cellular adherence [52] . In a follow-up study, Su and colleagues determined TRPM7 overexpression initiated a stress response brought on by the constitutive permeation of both Ca 2+ and Mg 2+ into cells [53] , which included increases in reactive oxygen species and nitric oxide, resulting in the activation of p38 MAPK and c-Jun N-terminal kinase (JNK).
The formation of TRPM6/TRPM7 heteromers could additionally regulate cell morphology via phosphorylation of the cytoskeletal element myosin IIA. High levels of autophosphorylation of the Ser/Thr-rich domain N-terminal to the kinase domain of TRPM6 and TRPM7 increases the channel-kinase phosphorylation of Myosin IIA [18, 33] , leading to Ca 2+ dependent association of TRPM7 with myosin IIA, phosphorylation and dissociation of myosin filaments, and ultimately cytoskeletal remodeling [18] . As we found that TRPM6 cross-phosphorylates TRPM7 in this Ser/Thr rich domain, it is possible that increased phosphorylation of TRPM7 in TRPM6/TRPM7 heteromers might lead to elevated phosphorylation of myosin IIA. The reduction in rounding and detachment of HEK-293 cells overexpressing simultaneously TRPM7 WT and kinase-dead TRPM6 KR further supports this idea.
When we analyzed cellular growth of TRPM7 −/− DT40 cells complemented with TRPM7 and co-expressing either TRPM6 WT or KR mutant, we found that TRPM6 kinase activity is required for the inhibition of TRPM7-dependent cellular growth. Similarly to the trafficking phenotype described above, the presence of a functional TRPM6 kinase inhibits DT40 cells growth, but only under hypomagnesic conditions. This also correlates with the poor health of HEK-293 cells that overexpressed both WT forms of TRPM6 and TRPM7. Thus, the formation of TRPM6/TRPM7 heteromers influences the cellular localization patterns of each channel and inhibits TRPM7-dependent cellular growth under hypomagnesic conditions, however, only when TRPM6 phosphotransferase activity is intact. The change in TRPM7 cellular distribution in the presence of TRPM6 could affect Mg 2+ homeostasis, as well as downstream signaling events via the phosphorylation of known TRPM6/TRPM7 substrates such as annexin, eEF2-k, PLCγ-2 or cytoskeleton components [17] [18] [19] [20] .
Alterations in extracellular Mg 2+ concentrations not only affected the TRPM7 phenotypes in the presence of the WT TRPM6 channel-kinase, but also influenced cellular growth and TRPM7 distribution in all cells. The increase in TRPM7 trafficking to the periphery of cells deprived of Mg 2+ could represent a survival mechanism to increase intracellular concentrations of this essential nutrient. DT40 cells expressing TRPM7 displayed reduced rates of cellular growth under hypomagnesic conditions (0 mM Mg 2+ ) while TRPM7 deficient DT40 cells had reduced growth rates under physiological and complete growth inhibition under hypomagnesic conditions. If Mg 2+ levels are used as an indicator of metabolic health in a cell, increasing or redistributing TRPM7 protein levels could be a means to increase Mg 2+ concentrations to better cellular growth and survival. Our finding that TRPM6 KR kinase dead mutants did not inhibit cell growth, nor greatly alter TRPM7 trafficking, suggests that TRPM6 kinase activity is involved in modulating TRPM7 trafficking, TRPM7 phosphotransferase activity, or TRPM7 Mg 2+ -transport function, all of which will need to be clarified in future studies.
Conclusions
Our study shows that TRPM6's kinase activity modulates TRPM7 subcellular distribution and affects cell growth under hypomagnesic growth conditions, implying that both channel-kinases are in their own way important components of ion homeostasis regulation and pivotal signaling modules influencing each other's biological activity as well as intracellular signaling events. These findings confirm that although the channel kinases TRPM6 and TRPM7 are both environmental Mg 2+ sensors and regulators of Mg 2+ -homeostasis, they do not overlap functionally, as also shown by the phenotype of mice lacking TRPM6 or TRPM7, or of TRPM6-deficient patients.
